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Abstract
This document is the unedited author’s version of a Submitted Work that was subse-
quently accepted for publication in Journal of Physical Chemistry C, copyright c© Ameri-
can Chemical Society after peer review. To access the final edited and published work see
http://pubs.rsc.org/en/journals/journalissues/tc.
Two-dimensional (2D) self-assembly of star-shaped 1,3,5-Tris(4-carboxyphenyl)benzene
molecules is investigated. Scanning tunneling microscopy reveals that this molecule can form
three hydrogen-bonded networks at the 1-phenyloctane/graphite interface. One of these struc-
tures is close-packed and the two other ones are porous structures, with hexagonal and rectan-
gular cavities. The network with rectangular cavities appears to be the most stable structure.
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Introduction
Engineering complex porous organic nanoarchitectures is the focus of recent research interest.1–4
Permanent nanoporosity can be exploited after subsequent functionalization5 for developing novel
nanostructured materials dedicated to catalysis, gas storage, selective ion exchange, high den-
sity data storage, etc. Molecular self-assembly offers unique directions for the fabrication of
two-dimensional (2D) organic nanoarchitectures. The resulting structures can be tailored at the
nanometer scale by exploiting molecule-substrate6–8 or intermolecular interactions.1,3 Shape, size,
structure and chemical composition of the molecular building blocks are key parameters driving
the structure of self-assembled nanoarchitectures.
Strong intermolecular interactions are required to stabilize organic open networks and prevent
the formation of close-packed structures. Exploiting the formation of hydrogen bonds (H-bonds)
between neighboring molecular building blocks to create novel porous structures is particularly
appealing because of the strength9 and the high selectivity and directionality of these bindings.10
Single11,12 and multicomponent1,13–16 self-assembled porous nanoarchitectures can be achieved
through hydrogen bonding. Building blocks based on molecule having carboxyl groups (COOH)
are especially interesting because these groups can form 2 H-Bonds (O-H· · ·O). Carboxyl group
location in the molecule skeleton will have a huge impact on molecular self-assembly because
it will guide the binding direction between neighboring molecules.17–21 For example triangular
molecules having carboxyl group at the apex are expected to self-assemble into honeycomb struc-
tures. However Kampschulte et al.22 showed that 1,3,5-Tris(4-carboxyphenyl)benzene star-shaped
molecules can form two distinc self-assembled structures at the liquid/graphite interface. They ob-
served that the honeycomb network is the favored structure using aliphatic alcohol and fatty acid
solvents, whose dielectric constant is lower or equal to 2.50. This was attributed to minimization of
electrostatic effects. In comparison the influence of less polar solvents on molecular self-assembly
appeared more ambiguous. Despite the low dielectric constant of alkane and arylalkane solvents,
using these solvents did not lead to the same 1,3,5-Tris(4-carboxyphenyl)benzene orderings. An
oblique and a honeycomb structure have been observed using dodecane solvent whereas the hon-
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eycomb structure was surprisingly the exclusive structure observed using 1-phenyloctane despite
its low polarity. These observations did not allow determining which structure was most the stable
or the lowest energy 2D nanoarchitecture.
In this paper we investigate the self-assembly of 1,3,5-Tris(4-carboxyphenyl)benzene molecules
at the 1-phenyloctaone/graphite interface. 1-phenyloctane is a solvent having a low dielectric
constant of 2.26 at 20.2◦C.23 Scanning tunneling microscopy (STM) reveals that the molecules
can form three distinct two-dimensional hydrogen-bonded structures. Two of these structures are
porous and one is close-packed. The open rectangular cavity structure appears to be the most stable
structure.
Experimental Section
Solutions of 1,3,5-Tris(4-carboxyphenyl)benzene in 1-phenyloctane (98%, Aldrich) were prepared.
A droplet of this solution was then deposited on a graphite substrate. STM imaging of the samples
was performed at the liquid/solid interface using a Pico-SPM (Molecular Imaging, Agilent Tech-
nology) scanning tunneling microscope. Cut Pt/Ir tips were used to obtain constant current images
at room temperature with a bias voltage applied to the sample. STM images were processed and
analyzed using the application FabViewer.24
Results and Discussion
The chemical structure of the 1,3,5-Tris(4-carboxyphenyl)benzene molecule is presented in 1. This
3-fold symmetry molecule is a star-shaped molecule. Its skeleton is consisting in a central benzene
ring connected to three peripheral 4′-benzoic acid groups. 1,3,5-Tris(4-carboxyphenyl)benzene
molecules can form dimers, composed by two molecules rotated by 180◦ with respect to each
other as represented in 1. These dimers are stabilized by two O· · ·H-O hydrogen bonds between
neighboring molecules.
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Figure 1: Scheme of hydrogen-bonded 1,3,5-Tris(4-carboxyphenyl)benzene (C27H18O6) dimer.
Carbon atoms are gray, oxygen atoms red, hydrogen atoms white, respectively. Red dotted lines
represent molecular hydrogen bonds.
Large scale STM image reveals large 1,3,5-Tris(4-carboxyphenyl)benzene architectures at the
1-phenyloctane/graphite interface, 2a. High resolution STM images show that molecules self-
assemble into a porous network. This structure is composed of rows of almost rectangular cavities,
2b,c. The cavities are formed by two parallel molecular dimers. The doted line in 2b, perpendic-
ular to the cavity rows, reveals that cavities of each odd (or even) rows are shifted with respect to
another. Defects are locally observed in the molecular network, 2a,b; molecules are locally missing
as highlighted by the dotted oval curve in 2b. Intramolecular features corresponding to the inte-
grated density of states of the molecule appear distinctly in the high resolution STM images,2b,c.
The unit cell of the rectangular cavity network is represented by a blue dashed lines in 2d; it has a
shape of a parallelogram with 3.1 nm and 1.7 nm sides and the acute angle of ∼75◦ between them.
Parallel molecular dimers (same molecular row) are connected through O· · ·H-O hydrogen bonds
in this unit cell, whereas dimers of neighboring rows appear to be connected through O· · ·H-C
hydrogen bonds.
The STM image presented 3 shows a second 1,3,5-Tris(4-carboxyphenyl)benzene self-assembled
network . This network is locally observed on the graphite surface, less that 15% of the or-
ganic structures. Molecules form a honeycomb network with unit cell parameters of 3.1 nm
and an angle of ∼60◦. Individual molecules constituting the 2D struture are well-resolved in
the STM images. The triangular molecules are located at the vertices of the hexagonal pores
(3b. The model representing the honeycomb arrangement is shown 3c. In this model the 1,3,5-





Figure 2: STM image of the 1,3,5-Tris(4-carboxyphenyl)benzene self-assembled porous network
having rectangular cavities on graphite (a) 43×43 nm2; Vs = 0.5 V, It = 18 pA, (b) 17×10 nm2; Vs
= 0.4 V, It = 10 pA, (c) 14×12 nm2; Vs = -0.3 V, It = 30 pA. (d) Model of the network parallelogram




Figure 3: STM image of the 1,3,5-Tris(4-carboxyphenyl)benzene self-assembled honeycomb
structure on graphite (a) 22×19 nm2; Vs = 0.50 V, It = 15 pA, (b) 13×9 nm2; Vs = 0.50 V,
It = 18 pA. (c) Model of the hexagonal unit cell (dashed blue lines).
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molecular carboxylic groups.
Figure 4: STM image of 1,3,5-Tris(4-carboxyphenyl)benzene network boundary, 22×19 nm2;
Vs = 0.45 V, It = 10 pA.
4 shows an large scale image of 1,3,5-Tris(4-carboxyphenyl)benzene open network border. Due
to STM tip modifications the STM image contrast is now reversed in comparison with previous
STM images, i.e. molecules appear now dark and graphite surface appears bright. The STM image




Figure 5: STM image of the 1,3,5-Tris(4-carboxyphenyl)benzene self-assembled close-packed
structure on graphite (a) 19×14 nm2; Vs = 0.50 V, It = 30 pA, (b) 6×9 nm2; Vs = 0.50 V, It =
20 pA. (c) Model of close-packed unit cell (dashed blue lines).
A third 1,3,5-Tris(4-carboxyphenyl)benzene 2D network is observed at the 1-phenyloctane/graphite
interface, 5. The STM image shows that the molecules can also self-assemble into a close-packed
structure. This structure represent less than 5% of the organic 2D architectures. The unit cell
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network is shown in 5 by a blue dashed line; it has a shape of a parallelogram with 3.1 nm and
2.4 nm sides and the acute angle of ∼83◦ between them. This structure is composed of 1,3,5-
Tris(4-carboxyphenyl)benzene molecular rows. Along the molecular row (indicated by a black
arrow in the STM images 5a,b) the molecules are rotated by 180◦ with respect to their neighboring
one. Neighboring molecular rows are connected through molecular carboxylic groups leading to
the formation of 1,3,5-Tris(4-carboxyphenyl)benzene dimers. STM images show that the axis of
dimer molecule is not aligned (as it is represented 1), i.e. neighboring molecular rows are shifted
up or down depending of the dimer bonding. Down (up) binding is highlighted by purple (blue)
ellipse in the model presented 5c, respectively. Similar row shift has been previously observed in
the case of PTCDI-melamine network on Au(111)-(22×√3).14
In comparison with Ref.,22 the STM images presented in 2, 3, 5 show that 1,3,5-Tris(4-
carboxyphenyl)benzene self-assemble into various two-dimensional nanoarchitures at the 1-phenyloctane/graph
interface. Two of these networks are porous structures, 2 and 3 whereas one network is a close-
packed structure, 5. All the observed networks are H-bonded structures. They share the same
molecular building block, which is a 1,3,5-Tris(4-carboxyphenyl)benzene dimer stabilized by two
hydrogen bonds as described in 1. Molecular dimers of the three observed networks are aligned
in the same graphite crystallographic directions suggesting that molecule-substrate interaction is
not favoring one structure over another. This suggests that molecule-molecule interaction is the
key parameter driving 1,3,5-Tris(4-carboxyphenyl)benzene self-assembly. It should be noticed
that rectangular cavity network dimers are placed by side leading the formation of a rectangu-
lar cavity whereas side dimers in the close-packed structure are shifted along the dimer axis by
half dimer-length leading to the formation of a compact structure. Dimers are parallel in theses
two 2D nanoarchitectures. In comparison dimers of the honeycomb structure are oriented at 120◦
from each other. The three self-assembled structures were observed using different molecule con-
centration in the solution. Therefore molecular concentration in 1-phenyloctane does not appear
modifying molecular self-assembly.
The honeycomb structure was previously observed in aliphatic alcohols and fatty acids sol-
9
vent having a dielectric constant lower than 2.82 in Ref.22 This was attributed to minimization
of electrostatic effect, i.e. more hydrophobic is the solvent, less polar and less dense are the
generated self-assembled organic structures. However Ref.,22 table 1, divulged that 1,3,5-Tris(4-
carboxyphenyl)benzene self-assemblies using 1-phenyloctane and dodecane solvents were deviat-
ing from predictions and were showing some discrepancy. Surprisingly the honeycomb structure
was the only one observed at the 1-phenyloctane/graphite interface whereas the rectangular cavity
and the honeycomb networks were both observed at the dodecane/graphite interface. These two
solvents have very low dielectric constant (2.26 for 1-phenyloctane and 2.01 for dodecane) and
they do not have any polar groups. One would not have expected to observe the honeycomb struc-
ture as the minimization of electrostatic effect using such solvent would have been quite ineffective
in comparison with low dielectric constant fatty acids.
Our STM observations allow now elucidating the 1,3,5-Tris(4-carboxyphenyl)benzene self-
assembly process at the 1-phenyloctane/graphite interface. Our STM images reveal that 1,3,5-
Tris(4-carboxyphenyl)benzene also self-assemble into the rectangular cavity network despite that
1-phenyloctane has a dielectric constant of 2.26. To be more precise STM images reveals that the
open rectangular cavity network, which is denser than the honeycomb network, was not only the
larger domain observed but also the structure that was dominantly observed. In comparison the
honeycomb and close-packed networks were only locally observed. The honeycomb was espe-
cially observed at the rectangular cavity network boundary and was gradually disappearing with
time passing. This suggests that the honeycomb structure gradually collapses to form the rectan-
gular structure. After few hours we experimentally observed that the rectangular cavity network
represents more than 80% of the organic self-assembled structures. In comparison the honey-
comb structure and the close packed structure represent less than 15% and 5% respectively of the
1,3,5-Tris(4-carboxyphenyl)benzene nanostructures. Therefore these observations reveal that the
rectangular cavity structure is the most stable structure at the 1-phenyloctane/graphite interface and
the two other structures are metastable. Kitaigorodskii25 showed that close-packed structure are
favored for weak interacting building blocks. As we observed open and close-packed structures
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that means that molecular structures results from the subtle balance between molecular interac-
tions (hydrogen bonds) that may stabilize open structures and the tendency of molecule to form
compact structures. Density functional theory (DFT) calculations would allow identifying the en-
ergetically most stable structure in the gas phase neglecting the influence of solvent and substrate
on molecular self-assembly.
Conclusion
To summarize, scanning tunneling microscopy showed that 1,3,5-Tris(4-carboxyphenyl)benzene
molecules self-assembled into three distinct networks at the 1-phenyloctane/graphite interface.
The close-packed and the porous honeycomb networks were only locally observed suggesting
that these structures are metastable. In comparison the porous rectangular cavity structure was the
largest structure covering the surface. This suggests that this structure is the most stable nanoar-
chitecture using 1-phenyloctane solvent. Our results show that different molecular self-assembled
structures can coexist and that exploring the controllability, predictability and stability of these
structures at the nanometer scale is essential to elucidate self-assembly processes.
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